In aging individuals, age-related cognitive decline is the most common cause of memory impairment. Among the remedies, ginsenoside Rg1, a major active component of ginseng, is often recommended for its antiaging effects. However, its role in improving cognitive decline during normal aging remains unknown and its molecular mechanism partially understood. This study employed a scheme of Rg1 supplementation for female C57BL/6J mice, which started at the age of 12 months and ended at 24 months, to investigate the effects of Rg1 supplementation on the cognitive performance. We found that Rg1 supplementation improved the performance of aged mice in behavior test and significantly upregulated the expression of synaptic plasticity-associated proteins in hippocampus, including synaptophysin, N-methyl-d-aspartate receptor subunit 1, postsynaptic density-95, and calcium/calmodulin-dependent protein kinase II alpha, via promoting mammalian target of rapamycin pathway activation. These data provide further support for Rg1 treatment of cognitive degeneration during aging.
F
OR aging individuals, age-related cognitive decline accompanying normal aging affects a variety of brain functions and greatly impairs their life quality. This aging process and related cognitive decline are not associated with significant neuron death (1) and produce a specific set of structural and functional synaptic alterations (2) (3) (4) (5) . Animal aging models report decreases in de novo protein synthesis (1) , which has been well established as a requirement for synaptic plasticity and memory formation (6, 7) .
Mammalian target of rapamycin (mTOR), an evolutionarily conserved serine and threonine protein kinase, plays an important role in normal memory processes. It regulates the de novo synthesis of many synaptic plasticity-related proteins (8) , including N-methyl-d-aspartate receptor subunit 1 (GluN1) (9) , calcium/calmodulin-dependent protein kinase II alpha (CaMKIIα) (10) , and postsynaptic density-95 (PSD-95) (11) , via phosphorylation of its two downstream effectors p70 S6 kinase (p70S6K) and eIF4E-binding protein (4E-BP) (12) . The former is a direct modulator of ribosomal protein S6 (13) whose phosphorylation state correlates with translation rates (14) ; the latter, 4E-BP2 in particular, the main isoform found in the brain (15) , is involved in controlling the binding of the eukaryotic initiation factor 4E (eIF4E) to the initiation complex eIF4F, thus beginning translation (16) . Pharmacological inhibition or genetic deletion of the mTOR pathway has been documented to result in learning and memory impairment in mammals (17) , whereas enhancing neuronal mTOR signaling may improve memory function (18, 19) . These findings suggest that neuronal mTOR signaling pathway is strongly associated with cognitive performance of the brain and can serve as a research focus to gain insight into the pharmacological effects on cognitive decline of the aging individuals.
Ginseng, the root of Panax ginseng, has been used as an adaptogenic herb in traditional Chinese medicine for more than 2,000 years and is believed to promote the health of middle-aged and elderly people with a daily dose. It has been demonstrated to increase the body's resistance to stress, trauma, anxiety, and fatigue (20) . Ginsenosides, a class of steroidal glycosides, are the molecular components of ginseng responsible for these benefits (21) . As one of the most abundant and active ingredients in P. ginseng (22) , ginsenoside Rg1 (chemical structure shown in Figure 1 ) has been demonstrated in pharmacokinetic studies to pass through the blood-brain barrier and appear in cortex, hippocampus, and striatum corpora after oral administration to rats (23) . It has been reported to produce protective effects against learning and memory impairment in several Alzheimer's disease models including Aβ injected mice (24) , SAMP8 (senescence-accelerated mouse prone 8) mice (25, 26) , and transgenic mAPP mice (27) . However, the effects of Rg1 on cognitive decline during normal aging remain unknown, and the molecular mechanism of Rg1 action awaits further investigation.
The current study employed female C57BL/6J mice to look into the effect of long-term Rg1 supplementation on age-related cognition impairment, the structural alteration of synapses and the expression of several synaptic plasticity-associated proteins, and the role of aging and Rg1 supplementation in the activation of the mTOR pathway.
Materials and Methods

Chemical
Dehydrated Rg1 was obtained from Department of Biochemistry, Norman Bethune College of Medicine, Jilin University (Jilin, China) and arrived as a white powder of fine crystals with a melting point of 194°C-195°C, a molecular weight of 800, general formula C 42 H 72 O 14 , and 98% purity by reverse-phase high-pressure liquid chromatography. It was prepared as a 0.4 mg/mL stock solution in saline, then aliquoted and stored frozen at −20°C.
The level of ginsenoside content in P. ginseng is usually 4%-7%, but can vary due to different seasons, cultivating soils, and extraction processes (28, 29) . The percentage of Rg1 in ginseng total saponins is approximately 7.6%.
Rg1 dosages were converted between adult human (60 kg) and mouse (20 g ) by the body surface area normalization method, as described previously (30) . The formula for dose translation is as follows: human equivalent dose (mg/kg) = animal dose (mg/kg) multiplied by animal K m /human K m . The values of K m factor, which is body weight (kg) divided by body surface area (m 2 ), are 37 and 3 in human (60 kg) and mouse (20 g), respectively. Mice were given Rg1 at a dosage of 6 mg/kg every third day through an oral supplement. This dosage corresponds to 2-3 g of ginseng per day in an adult human (60 kg).
Mouse Care and Treatment Protocols
Female C57BL/6J mice were purchased from Department of Laboratory Animal Science of Peking University. All animals were born within a 2-week interval, housed five per cage in a pathogen-free colony (IVC system, Tecniplast, Italy), under a 12-hour dark/light cycle at 24°C, and allowed food and water ad libitum. All protocols and procedures used in these studies were approved by the Institutional Animal Care and Utilization Committee of Fujian Medical University.
Mice were randomly divided into Rg1-supplemented groups or aged control. In the former, 12-month-old mice were chronically supplemented with Rg1 by oral gavage; the latter mice received the same amount of saline for the same duration. Body weight and food intake were monitored every month during the experiment. Mice that were 4 and 12 months of age were used as young and middle-aged controls, respectively. All efforts were made to minimize animal suffering.
Behavioral Test
The Y-maze was made of Plexiglas, covered with white paper and consisted of three arms with an angle of 120° between each arm. Each arm was 8 cm wide × 30 cm long × 15 cm high. The floor of the maze was sprayed with alcohol after each individual trial to eliminate olfactory stimuli. Specific motifs were placed on the walls of each arm, thus allowing visual discrimination. Spontaneous alternation performance was tested as described previously (31, 32) . Each mouse was placed at the end of one arm and allowed to explore the apparatus for 5 minutes with the experimenter out of the animal's sight. The sequence and total number of arms entered were recorded. Total activity was equivalent to the number of arm entries made by the mouse, whereas alternation opportunities were calculated by subtracting 2 from the total number of arms entered. Percentage alternation was calculated by dividing the number of triads containing entries into all three arms by alternation opportunities × 100. Novel object recognition test (33, 34) consisted of two trials separated by an intertrial interval. The three arms were randomly designated: start arm, in which the mouse started to explore (always open); novel arm, which was blocked at the first trial but opened at the second trial; and other arm (always open). The first trial was 10 minutes in duration in which the mouse was allowed to explore only the start arm and other arm with the third arm (novel arm) blocked. After a 4-hour intertrial interval, the second trial was conducted. The mouse was placed back in the maze in the same starting arm, with free access to all three arms for 5 minutes. The number of entries and the time spent in each arm were recorded and analyzed. Data were expressed as percentage of performance in all three arms during the 5 minutes of test.
The Morris water maze was modified from Morris (35) . Briefly, a black circular tank (120 cm in diameter, 30 cm in height) filled with 24°C ± 1°C water was divided to four equal quadrants by creating an imaginary "+." Water was rendered opaque by adding milk. A black platform (diameter 10 cm, height 24 cm) submerged 1.0 cm below the surface of the water was positioned in the middle of one of the quadrants and a red marker hung above the tank. Each mouse underwent four successive trials a day for 5 days in memory acquisition trials (training). The sequence of water entering positions differed daily, but the location of the platform was constant. These start positions were equal in length to the goal. Latency to find the platform was measured up to a maximum of 60 seconds. After locating the platform, the mouse was left there for 15 seconds prior to the next trial. If the mouse failed to locate the platform within 60 seconds, it was guided to the platform and allowed to stay there for 15 seconds. Latency and the average speed to reach the platform were recorded for each trial. On the sixth day, a "probe test" was performed to measure the strength of spatial memory retention, during which, mice were allowed to swim freely for 60 seconds in the pool without platform. There were two indexes calculated: the time (in seconds) spent by a mouse in the target quadrant in which the platform was hidden during acquisition trails; the number of times when mice exactly crossed over the previous position of the platform. Behavioral parameters were tracked and analyzed.
Transmission Electron Microscope
Mice were anesthetized with 10% chloral hydrate. After decapitation, the brains were rapidly removed and placed on ice. Hippocampus and CA1 were dissected out immediately. Tissue blocks were fixed by immersion in 2.5% buffered glutaraldehyde. Samples were then postfixed in 1% osmium tetroxide, dehydrated in ascending grades of ethanol, and embedded in Epon 812. Ultra microstructure of CA1 subregion in left hippocampus was observed under transmission electron microscope.
Immunohistochemistry
Animals were anesthetized with intraperitoneal injection of chloral hydrate. They were immediately perfused with 0.1 M phosphate-buffered saline (15 mL) and subsequently with 4% paraformaldhyde (20 mL). Brains were removed and postfixed in 4% paraformaldhyde for 4-6 hours and then transferred to 30% sucrose at 4°C. After the brains sank, they were flash frozen in liquid nitrogen and stored at −80°C until sectioning. Brains were sectioned into 30 μm slices on a freezing microtome (CM1850, Leica, Germany) and stored at −20°C in a cryoprotectant solution of 30% glycerin, 30% ethylene glycol (Sigma, MO), and 40% 0.1 M phosphate-buffered saline. After washes in 1× Tris-buffered saline (TBS), sections were treated with 3% hydrogen peroxide for 10 minutes to quench endogenous peroxidase and then washed in TBS. They were then blocked for 1 hour at room temperature in solution containing 0.3% Triton X-100, 0.25% body surface area, and 5% normal goat serum, followed by 24 hours incubation at 4°C in rabbit polyclonal antisera against either synaptophysin (Millipore, 1:10000) or GluN1 (Sigma, 1:200) in TBS containing 0.3% Triton X-100, 0.25% body surface area, and 2% normal goat serum. Sections were further incubated in biotinylated antirabbit IgG antibody (Vector Laboratories, Burlingame, CA) at 1:600 dilution for 90 minutes at room temperature. After being washed in TBS, the sections were incubated in Vector Elite avidin-peroxidase at 1:200 dilution for 60 minutes at room temperature. Finally, after a three-time wash in TBS, immunoreactivity was detected with diaminobenzidine. The sections were washed thoroughly in TBS, mounted onto polylysine-coated glass slides, air dried, dehydrated in ethanol, cleared in xylene, and then coverslipped with permanent mounting medium (Vector Laboratories).
Immunoblot Analysis
Mice were anesthetized with 10% chloral hydrate and perfused with 0.1 M phosphate-buffered saline (15 mL). Brains were rapidly removed and placed on ice. Hippocampi were dissected out immediately and quickly frozen in liquid nitrogen and stored at −80°C until lysis. Hippocampi were sonicated in cold lysis buffer with protease inhibitors (0.1 M phosphate-buffered saline, 1% Triton X-100, 2.5 mM Na 4 P 2 O 5 ·10H 2 O, 2 mM NaF, 1% protease inhibitor cocktail). After 10 minutes on ice, the samples were centrifuged at 16,000g for 15 minutes at 4°C. Supernatants were collected and a fraction of the total homogenates was removed to measure total protein concentrations. The concentration of each remaining homogenate was adjusted to 4.0 mg/mL protein with lysis buffer and 6× sample buffer (125 mM Tris, pH 6.8, 10% glycerol, 10% sodium dodecyl sulfate, 130 mM dithiothreitol, and 0.006% bromophenol blue). The samples were boiled for 5 minutes, then aliquoted and stored at -20°C until Western blotting analysis. The total 60 μg protein lysate were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membrane. After blocked in a 5% nonfat dry milk solution in washing buffer (TBST, 10 mM Tris, pH 7.6, 150 mM NaCl, and 0.1% Tween-20), membranes were incubated overnight at 4°C with different antibodies: β-actin (Abcam, UK, 1:2000), GluN1 (Sigma, 1:1000), Anti-PSD-95 (Millipore, 1:1000), CaMKIIα (Cell Signaling Technology, 1:1000), synaptophysin (Millipore, 1:10000), phospho-mTOR (S2448; Cell Signaling Technology, 1:500), phospho-p70S6K (T389; Cell Signaling Technology, 1:400), phospho-4E-BP1 (Thr37/46; Cell Signaling Technology, 1:500), mTOR (Cell Signaling Technology, 1:500), p70S6K (Cell Signaling Technology, 1:500), and 4E-BP2 (Cell Signaling Technology, 1:500). After washed three times with TBST, membranes were incubated for 90 minutes with horseradish peroxidase-coupled secondary antibody (KPL, 1:2000) at room temperature. After washed three times with TBST, the resulting antigenantibody-peroxidase complex was detected with an ECL kit (Millipore) and visualized by exposures of various lengths to Kodak film. The density of bands was quantified with Image J software. The amount of protein was expressed as a relative value to the levels of β-actin.
Statistical Analysis
Data from all procedures were expressed as "mean ± SEM." Statistical analysis was performed with SPSS 11.0 software package and diagrams were plotted with Prism Graph Pad software. Indexes in acquisition trails such as escape latency and speed in Morris water maze test were analyzed with two-way analysis of variance of repeated measures. The data obtained from the "probe trial" in Morris water maze were analyzed with one-way analysis of variance, all other behavior tests and the expressions of proteins, with least significant difference test (equal variances assumed) for post hoc test or Dunnett's T3 (equal variances not assumed) between groups and p < .05 was considered significant.
Results
Survival Conditions in Aged Control and Rg1-Supplemented Group
In the experiment, there were 33 and 32 mice in aged control and Rg1-supplemented group, respectively. Supplementation in mice with saline or Rg1 by oral gavage was initiated at 12 months of age and continued until 24 months. Mice were examined at least three times a week for signs of ill health and were allowed to die of natural causes. These death cases were almost due to tumor or severe weakness. Survival curves were plotted by the Kaplan-Meier method (Figure 2A ). The survival time of Rg1-supplemented group was not different from that of the control group (χ 2 = 0.311; p = .577). The tumor incidence rates of control group (27.27%) and Rg1-supplemented group (25.39%) were similar ( Figure 2B ). No excess mortality was observed in this stage of administration compared with that of other literatures, which involved the natural life span of C57BL/6J female mice (36) (37) (38) .
To exclude the possibility that long-term intragastric administration might injure the esophagogastric mucosa of mice and further influence the feeding and body condition, we measured food consumption and body weight every month in a random subset of mice (n = 5 in each group).
The body weight ( Figure 2C ) and food intake ( Figure 2D ) did not decrease and were not statistically different between the two groups, suggesting that the living status in mice was not severely influenced by the gavage administration. The physical ability of mice had also been checked before behavioral tests and those with mobility disabilities and cataracts were eliminated.
Rg1 Improves Performance in Spatial Working and Memory Formation
In order to evaluate the effect of Rg1 supplementation on improving memory impairments in aged mice, we tested the mice with Y-maze that represents a measure of spatial working memory (39) (Figure 3A-D) . Notably, compared with young and middle-aged controls, aged mice showed significantly reduced levels of spontaneous alternation performance in the Y-maze. This decline was rescued by Rg1 supplementation (F(3,28) = 5.310, p < .01; Figure 3B ). Furthermore, the total number of arm entries during Y-maze testing was not significantly different between the four groups (F(3,28) = 0.676, p = .574; Figure 3A) . Therefore, levels of exploratory activity were not affected in these mice. Novel object recognition is based on the premise that mice will explore a novel object more than a familiar one provided the animal is able to remember the familiar object. Statistical analysis showed the percentage of number of visits (F(3,28) = 7.00, p < .01; Figure 3C ) and time spent (F(3,28) = 6.095, p < .01; Figure 3D ) in the novel arm decreased significantly in the aged mice in comparison with young controls. However, Rg1-supplemented mice showed improved performance. These results indicate that Rg1-supplemented mice display improved performance in spatial working memory.
To further determine the effect of Rg1 on improving spatial learning and memory impairments in normal aged mice, we examined the performance of each group in the Morris water maze test. This test challenged their ability to learn the location of the hidden platform by relevant visual cues. In this test, mice were trained in the water maze for 5 days. The escape latency in aged mice was longer than that of young and middle-aged controls ( Figure 3E ). Mice supplemented with Rg1 showed a significant decrease in escape latency compared with the aged control mice, but did not differ from the middle-aged controls. The main effect of day was statistically significant (F(4,112) = 28.449, p < .001). The main effect of group was also statistically significant (F(3,28) = 8.261, p < .001). The Day × Group interaction was significant (F(12,112) = 2.95, p = .001). Two-way repeated measures analysis of variance revealed a significant increase in escape latency in the aged mice in comparison with young controls and middle-aged controls (F(1,14) Figure 3F ). In the probe trial, with the platform removed, the time-aged mice spent in the target quadrant ( Figure 3G ) were significantly shorter than that of young and middleaged controls (F(3,28) = 8.898, p < .001). The number of crosses over the position ( Figure 3H ) where the platform had been located also decreased significantly (F(3,28) = 6.992, p < .01). Rg1-supplemented mice spent more time in the target quadrant and crossing numbers were significantly increased over that of aged control mice. These results indicate that Rg1-supplemented mice display improved performance in learning and memory assays.
Rg1 Alleviates Age-Related Synapse Structural Alterations Observed by Transmission Electron Microscopy
The synapse in the nervous system consists of three elements. The pre-and postsynaptic membranes appear parallel to each other and are separated by a synaptic cleft (40) . In the chemical synapses of young and middle-aged mice, the typical structure was observed under transmission electron microscope ( Figure 4A and B) . Briefly, plenty of synaptic vesicles, which contain various neurotransmitters, were observed inside the presynaptic membrane. PSD was concentrated on the intracellular surface of opposing postsynaptic membrane. The synaptic cleft appeared as a narrow gap with rigidly paralleled membranes. In aged-mice ( Figure 4C ), the structure of synapses was damaged compared with that of the young group, with deformed anterior region, decreased synaptic vesicles, reduced postsynaptic region, and a decreased PSD area. Postsynaptic membrane swelled and synaptic cleft obviously widened. In Rg1-supplemented group (Figure 4D ), the damage of synaptic structure was alleviated to some degree, with more regular synaptic form, more vesicles evenly distributed in the presynaptic area, a slightly thickened postsynaptic membrane, and an identifiable synaptic cleft. These results indicate that Rg1 supplementation protects the synaptic structure of CA1 in aged mice. 
Rg1 Upregulates the Expression of Synaptic PlasticityRelated Proteins
Synaptic plasticity is a key component of the learning machinery in the brain. Two synaptic plasticity-related proteins, synaptophysin and GluN1, were analyzed by immunohistochemistry. We observed age-dependent decreases in the expression of both synaptic markers in the CA1 region ( Figure 5A ). The expression of the pre-and postsynaptic proteins, including synaptophysin, GluN1, PSD-95, and CaMKIIα, was measured by immunoblotting hippocampal lysates ( Figure 5B ). The expression of synaptophysin was significantly reduced in the aged controls compared with that of young mice (F(3,20) = 12.803, p < .001) and significantly increased in Rg1-supplemented mice compared with that of the aged controls (p < .01). Similarly, the expressions of GluN1, PSD-95, and CaMKIIα were significantly lowered in aged mice when that of compared with young and middle-aged per group of four trials were tested more than 5 days. The latency in aged mice was significantly longer than that of young (p < .001) and middle-aged mice (p < .01). The latency in Rg1-supplemented mice was significantly shorter than that of aged controls (p < .05). (F) This graph shows the swimming speed data in learning trials. The swimming speeds of each group did not differ on the training day. (G) Probe trial performance concerning retention of the general location of platform is shown by depicting time spent in the target quadrant where the submerged platform had been located. The young, middle-aged, and Rg1-supplemented groups spent significantly more time in the target quadrant compared with the aged mice (p < .001, .05, and .05, respectively) in the spatial probe trial. (H) The graph shows retention performance concerning the number of times the mice crossed over the exact location of submerged platform in the probe trials. The young, middle-aged, and Rg1-supplemented groups exhibited significantly more platform crosses than the aged mice (p < .001, .05, and .01, respectively). *p < .05, **p < .01, ***p < .001 compared with the aged control group. Figure 4 . Rg1 treatment alleviates age-dependent synaptic structure degradation. Observed by transmission electron microscope, the chemical synapses in young mice (A) and middle-aged mice (B) showed the typical structure: plenty of synaptic vesicles were inside of the presynaptic membrane. Postsynaptic density was concentrated on the intracellular surface of opposing postsynaptic membrane. The synaptic cleft appeared as a narrow gap with rigidly paralleled membranes. (C). The structure of synapses in aged group was damaged compared with that of the young group, with deformed anterior region, decreased synaptic vesicles, reduced postsynaptic region, and a decreased postsynaptic density area. Postsynaptic membrane swelled and synaptic cleft obviously widened. (D). In Rg1-supplemented group, this damage of synaptic structure was alleviated to some degree, with more regular synaptic form, more evenly distributed vesicles in presynaptic area, slightly thickened postsynaptic membrane, and identifiable synaptic cleft. The black arrow indicates the synapse. The arrowheads indicate synaptic vesicles. Scale bar = 300 nm.
by guest on November 7, 2016 http://biomedgerontology.oxfordjournals.org/ Figure 5 . Rg1 upregulates the expression of synapse plasticity related proteins. (A) Synaptophysin and N-methyl-d-aspartate receptor subunit 1 (GluN1) are shown by immunohistochemistry in the CA1 region of the hippocampus. There was an age-dependent decrease in the expression of each synaptic marker. Rg1-supplemented mice were not grossly different from middle aged mice. Scale bar = 100 μm. (B) The expression of synaptophysin, GluN1, postsynaptic density-95 (PSD-95), and calcium/calmodulin-dependent protein kinase II alpha (CaMKIIα) in hippocampus (n = 6 per group) was assayed by Western blotting. β-Actin was used as a control of protein loading. The bands of Western blot were scanned, and the ratios of optical density of specific bands and β-actin were illustrated. *p < .05, **p < .01, ***p < .001 compared with the aged control group.
by guest on November 7, 2016 http://biomedgerontology.oxfordjournals.org/ Downloaded from supplemented with Rg1 in comparison with aged controls (p < .05, p < .001, and p < .05, respectively). These results indicate that the expression of these synaptic plasticity-related proteins decreases significantly in an age-related manner and can be upregulated by Rg1 supplementation.
Rg1 Promotes the Activation of mTOR Signaling
Pathway mTOR signaling modulates synaptic plasticity by regulating protein translation. Therefore, we investigated whether Rg1 supplementation would affect mTOR signaling in the hippocampus. We used immunoblotting to determine the phosphorylation state of mTOR/p70S6K/4E-BP2 (Figure 6 ). The phosphorylation of mTOR (S2448) and p70S6K (T389) decreased significantly in the aged group compared with that of young and middle-aged controls (F(3,20) = 13.768, p < .001 for p-mTOR; F (3, 20) =9.257, p < .01 for p-p70S6K). 4E-BP1 (Thr37/46) also showed a moderate, statistically insignificant decrease (F(3,12) = 1.637, p = .233). However, total protein levels were not changed between groups. Notably, the phosphorylation of mTOR, p70S6K, and 4E-BP1 was increased in Rg1-supplemented mice compared with that of aged controls. Thus, the activation of the mTOR signaling pathway was increased in Rg1-supplemented mice.
Discussion
The current study demonstrated that age-related cognitive decline was accompanied by structural alteration of synapses and downregulation of synaptic plasticity-associated proteins in the hippocampus. We found that long-term Rg1 supplementation in mice could alleviate age-related cognitive decline. In addition, the mTOR signaling pathway in the hippocampus, which upregulates the synthesis of synaptic plasticity-associated proteins, was activated by Rg1 supplementation.
In current study, the scheme of ginsenoside Rg1 supplementation for female C57BL/6J mice was initiated when the mice were at 12 months of age and terminated at 24 months. The time span involved is substantiated by proven evidence. Jackson Laboratory considers 10-14 months to be "middle age" for a C57BL/6J mouse, a rough equivalent of 38-47 years in humans. Accordingly, old age begins at 18-24 months and some studies reported that 24-25 months was approximately the median life span of C57BL/6J mice. The course of Rg1 supplementation in this study is analogous to individuals beginning ginseng supplements in midlife. The decision on female mice is also based on solid findings. Compared with males, human females have a longer life expectancy and studies have reported them to have higher incidence of age-related cognitive decline (41, 42) . Recent Figure 6 . Rg1 promotes activation of the mammalian target of rapamycin (mTOR) signaling pathway. phospho-mTOR/mTOR, phospho-p70S6K/p70S6K, phospho-4E-BP1 (Thr37/46)/4E-BP2 were assayed by Western blotting (n = 6 per group). Phospho-4E-BP1 (Thr37/46) is known to cross-react with 4E-BP2 and 4E-BP3 at analogous phosphorylation sites. β-Actin was used as a control of protein loading. The bands of Western blot were scanned, and the ratios of optical density of specific bands and β-actin were illustrated. *p < .05, **p < .01, ***p < .001 compared with the aged control group.
by guest on November 7, 2016 http://biomedgerontology.oxfordjournals.org/ evidence suggests that age-related changes in certain regions of the brain occur earlier in females than in males, which are closely associated with environmental insults including psychological stress and trauma (43) . For these reasons, naturally aged female mice were used as experimental subjects in this study. We observed significant age-related spatial learning and memory formation impairment in older mice, being consistent with that of previous reports (44, 45) . Of note, we found that long-term, low-dose Rg1 supplementation improved these memory impairments in aged mice. Meanwhile, no significant difference in survival time, tumor incidence, weight, and food intake was observed between Rg1-supplemented group and the control group. It suggests that the dosage of Rg1 supplementation used in this study was safe and recommendable.
The morphological changes of synapse correspond to the decrease in overall synaptic function (46) . Here, we observed that age-dependent changes in synaptic ultrastructure in the hippocampal CA1 area of C57BL/6J mice and these changes were alleviated by Rg1 treatment in aged mice. Therefore, we further examined synaptic plasticity-associated proteins. Synaptophysin is a glycoprotein involved in synaptic vesicle trafficking, docking, and fusion leading to neurotransmitter secretion (47, 48) . Alterations in synaptophysin may affect the size and number of presynaptic vesicles. N-methyld-aspartic acid receptor (NMDAR) is a member of the ionotropic glutamate receptor family that is best known for its role in long-term potentiation. GluN1 is a subunit required for receptor function and formation (49) . PSD-95 localized in the postsynaptic density recruits and clusters NMDA receptors, 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl) pro panoic acid (AMPA) receptors, cytoskeletal components, and signal transduction molecules in response to synaptic activity (50, 51) . Transgenic deletion of PSD-95 causes severe spatial learning and memory impairment (52) . CaMKIIα exists in both pre-and postsynaptic locations. In presynaptic elements, it is involved in the mobilization of synaptic vesicle clusters (53) and regulation of neurotransmitter release (54) . In terms of its postsynaptic role, it regulates NMDA receptor expression and localization to the postsynaptic membrane (55) . Animals with decreased CaMKIIα activity showed impaired synaptic plasticity and memory formation (56, 57) . In this study, we have identified significant agerelated decreases in hippocampal expression of four proteins with extensive roles in synaptic plasticity. As described earlier, aged C57BL/6J mice, whose plasticity-associated proteins were downregulated, displayed poor learning and memory formation in behavior tests. Treatment with Rg1 improved memory performance and alleviated the reduction of plasticity-associated proteins in aged mice. These results suggest that improvement in learning and memory formation by Rg1 treatment may be associated with the upregulation of synaptic plasticity-associated proteins.
The mTOR signaling pathway is of critical importance in long-term synaptic plasticity and memory storage. It contributes to synaptic plasticity by regulating protein synthesis. Increased formation of mTOR complex 1 (mTORC1) is involved in the activation of S6K and repression of the 4E-BPs (58, 59) . The activation of the pathway can be inhibited pharmacologically and genetically. Previous studies have shown that rapamycin, a drug that selectively inhibits mTORC1 formation, blocked long-term memory in mammals (60) (61) (62) (63) . Mice with genetic mutations in 4E-BP2 (15, 64) , S6K1, and S6K2 (65) presented a number of learning and memory impairments. Particularly, Stoica and colleagues (66) have successfully developed an innovative method based on the synergistic action of genetics and pharmacology to specifically and directly inhibit mTORC1 in the brain. The pharmacological or genetic inhibition of mTORC1 blocks L-long-term potentiation and impairs long-term memory reconsolidation in mice. On the other hand, the enhancement of the mTOR signaling can also promote memory function. A recent study documents that FKBP12 knockout enhanced neuronal mTOR signaling, thus improving memory performance in mice (19) . More studies report that the activation of mTOR signaling pathway in dorsal hippocampus by estrogen and progesterone, respectively, can enhance memory consolidation in female mice (67, 68) . Taken together, these findings suggest that the mTOR pathway can serve as a research window to gain insight into its role in long-lasting synaptic plasticity and memory processes.
Normal aging is accompanied by reduced memory function. Studies with animal models demonstrated that signaling pathways that support memory formation were altered in the aged brain (69, 70) . We show in our study that the memory decline in aged animals is probably related to the decrease of mTOR activation in hippocampus. This finding can be further supported by the studies of Deli and colleagues and Ma and colleagues. The former found that when mTORC1 activity was blocked, the young C57BL/6J mice displayed impaired spatial memory retrieval (71) ; the latter reported that downregulation of mTOR signaling by Aβ toxicity also induced synaptic dysfunction (72) . Another finding in our study is that the decreased phosphorylation of mTOR signaling molecules was alleviated by Rg1 supplementation. Herein, we suggest that long-term Rg1 supplementation can promote the activation of the mTOR pathway and improve age-related memory decline.
Contradictory to our findings, there are studies showing that aging-associated neurodegenerative diseases may benefit from reducing mTOR activity. For example, rapamycin treatment can prophylactically combat Alzheimer's disease (73, 74 ) and Parkinson's disease (75, 76) . Two recent reports (77, 78) demonstrated that lifelong rapamycin administration ameliorates age-dependent cognitive degeneration. Rapamycin binds FKBP12, preventing mTOR complex formation, slowing translation of new proteins, and inducing autophagy (79) . As aging-associated diseases are connected with accumulation of misfolded or aggregated proteins, it is possible that decreasing the rate of protein synthesis may increase removal of misfolded or damaged proteins. Furthermore, induction of autophagy by rapamycin can clear damaged organelles and proteins that are resistant to degradation by the proteosome (8) . Therefore, we speculate that a balanced regulation of mTOR signaling, rather than a simplified switching on or off of this pathway, might be a better way to treat age-related neurological disorders.
In conclusion, during normal aging, age-related cognitive decline is accompanied by downregulation of mTOR signaling in the hippocampus. Long-term Rg1 treatment can greatly improve cognitive performance by enhancing the activation of mTOR signaling and upregulating synaptic plasticity-related protein synthesis. These findings suggest ginsenoside Rg1 can serve as a candidate for alleviating age-related cognitive decline.
